Data are available at the GEO database. For reviewers: <http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=jrszzukiqsqqazm&acc=GSE49036>. For readers the accession number is GSE49036.

Introduction {#sec001}
============

Substantial dopaminergic cell loss in the substantia nigra (SN) is considered to be the pathoanatomical substrate of the motor symptoms in Parkinson's disease (PD) \[[@pone.0128651.ref001]\]. The neuronal loss in the SN is accompanied by the presence of Lewy bodies (LBs) and Lewy neurites (LNs), which are abnormal protein aggregates, mainly consisting of misfolded alpha-synuclein \[[@pone.0128651.ref002]\]. The alpha-synuclein pathology in PD is however not limited to the SN, but observed in many brain regions \[[@pone.0128651.ref003]--[@pone.0128651.ref006]\]. It has been postulated that the alpha-synuclein pathology in the brain starts in the lower brainstem and then advances to the limbic and neocortical brain regions during progression of the disease \[[@pone.0128651.ref006]--[@pone.0128651.ref008]\]. Alpha-synuclein pathology and nigrostriatal loss have been observed in aged individuals without evidence of Parkinsonism or dementia during life \[[@pone.0128651.ref009], [@pone.0128651.ref010]\] and are defined pathologically as incidental Lewy Body (iLBD) subjects, suggesting that these subjects may represent the premotor stage of PD \[[@pone.0128651.ref011]--[@pone.0128651.ref014]\]. Studying post-mortem SN tissue of iLBD subjects may, therefore, provide insight into molecular mechanisms involved in alpha-synuclein aggregation and neuronal dysfunction in early stage PD and shed light on its pathogenesis.

The etiology of PD remains largely unknown, but the role of genetic factors in PD development has been firmly established during the past decade with the identification of 16 'PARK' loci \[[@pone.0128651.ref015]\]. These loci have mainly been identified in patients with familial PD, but also patients with sporadic PD, using Genome Wide Association Studies (GWAS) \[[@pone.0128651.ref016], [@pone.0128651.ref017]\]. The identified genes have provided useful insight in the molecular pathways that contribute to the pathogenesis of PD \[[@pone.0128651.ref018]\]. In addition, advanced genomics and proteomics techniques have been applied to discover the molecular signature of sporadic PD. For example, transcriptome analysis of brain structures, such as striatum, SN and locus coeruleus (LC) of PD patients and controls revealed changes in the expression of genes involved in a variety of pathways and cellular processes, including ubiquitination and proteasomal degradation of proteins, oxidative stress, vesicle trafficking, cytoskeletal stability, axonal guidance, dopamine neurotransmission and metabolism, neurotrophic signaling, inflammation and programmed cell death \[[@pone.0128651.ref019]--[@pone.0128651.ref033]\]. The involvement of the mitochondrial dysfunction and synaptic loss in the pathogenesis of PD has been successfully confirmed in animal and *in vitro* models in PD (for review: \[[@pone.0128651.ref034], [@pone.0128651.ref035]\]). However, it is still unknown if these processes contribute to the early stages of PD, in particular the premotor stage.

In the present study, we aimed to identify molecular pathways that play a key role in the progression of alpha-synuclein pathology by studying the transcriptome of the post-mortem SN of well-characterized PD patients, iLBD subjects and age-matched controls using microarray analysis. To elucidate the mechanisms underlying the alpha-synuclein aggregation and nigral neuronal death in early stage PD, we focused on transcriptome changes prior to appearance of alpha-synuclein aggregates in the SN, in Braak alpha-synuclein stage 1 and 2, and those affected during disease progression in PD.

Materials and Methods {#sec002}
=====================

Post-mortem human SN tissue {#sec003}
---------------------------

Snap-frozen post-mortem SN tissue was obtained from the Netherlands Brainbank (NBB) and the department of Pathology of VU University Medical Center (VUmc, Amsterdam, The Netherlands). All donors had given informed consent for using the brain tissue and the extensive neuropathological and clinical information for scientific research, in compliance with ethical and legal guidelines. Records including a summary of medical history were available of all patients and controls included in this study.

All subjects were neuropathologically evaluated by experts (AJMR, WK and WvB) and classified for Braak Alzheimer (neurofibrillary tangles; NFTs score 0-VI \[[@pone.0128651.ref036]\]; amyloid-beta plaques stage 0-C \[[@pone.0128651.ref037]\]) and Braak alpha-synuclein stages 0--6 \[[@pone.0128651.ref003]\]. The distribution and density of NFTs were determined using Bodian staining and immunohistochemistry for hyperphosphorylated tau (Clone AT-8; dilution 1:300 pre-treatment in Tris-buffered saline pH 9.0 in the microwave, Innogenetics, Belgium), and the alpha-synuclein pathology was determined routinely using immunohistochemistry for alpha-synuclein in several sections throughout the assessed structures by two investigators (WK, WvB) (KM51 antibody, Novocastra, Newcastle upon Tyne, UK; dilution 1:500; pre-treatment: citrate buffer (pH 6.0) in the microwave and 80% formic acid). Senile plaques were immunohistochemically stained for amyloid-beta (clone M0872, dilution 1:500; DAKO, Denmark pre-treatment: citrate buffer (pH 6.0) in the microwave and 80% formic acid).

We used stringent inclusion and exclusion criteria, based on clinical diagnosis and comprehensive pathological assessment, for selecting controls, iLBD subjects and PD donors. In total, 28 donors with Braak alpha-synuclein stages ranging from 0 to 6 were included in the present study; 11 iLBD subjects, 9 clinically diagnosed and pathologically confirmed PD donors and 8 age-matched non-demented controls. Age-matched non-demented controls had no history of neurological or psychiatric disorders. ILBD subjects had no history of neurological or psychiatric disorders and revealed alpha-synuclein pathology in the medulla oblongata (MO) and olfactory bulb (OB) (Braak alpha-synuclein stage 1) or MO, OB and LC (Braak alpha-synuclein stage 2) or MO, LC and SN (Braak alpha-synuclein stage 3). PD patients were clinically diagnosed with PD or PD with dementia (PDD) by neurologists and/or geriatricians and had no history of cancer or concomitant disease of the central nervous system. The distribution pattern of the PD patients was consistent with Braak alpha-synuclein stage 4--6. ILBD subjects and PD patients in which the distribution pattern of alpha-synuclein pathology was atypical at autopsy were excluded as well as donors with concomitant pathologies \[[@pone.0128651.ref005], [@pone.0128651.ref038], [@pone.0128651.ref039]\]. Only sporadic PD patients with an age of onset \> 45 years of age were included. The demographic data, including mean age at death, gender, and Braak stages for PD and Alzheimer's disease pathology of the PD patients, iLBD subjects and controls are listed in [Table 1](#pone.0128651.t001){ref-type="table"}. A detailed overview of all the demographic, clinical and pathological data including of all subjects included in the present study is given in [S1 Table](#pone.0128651.s001){ref-type="supplementary-material"}.

10.1371/journal.pone.0128651.t001

###### Clinical and pathological characteristics and mean neuromelanin-containing cell density of donors included in the study.

![](pone.0128651.t001){#pone.0128651.t001g}

                                                     Control: Braak alpha-synuclein stage 0   Braak alpha-synuclein stage 1--2   Braak alpha-synuclein stage 3--4   PD Braak alpha-synuclein stage 5--6   
  -------------------------------------------------- ---------------------------------------- ---------------------------------- ---------------------------------- ------------------------------------- -----------------------------------------------
  Gender                                                                                                                                                                                                  
  Male, n (%)                                        4 (50%)                                  2 (40%)                            4 (57%)                            4 (50%)                               0.95[^b^](#t001fn003){ref-type="table-fn"}
  Female, n (%)                                      4 (50%)                                  3 (60%)                            3 (43%)                            4 (50%)                               
  Age of onset (SD)                                  NA                                       NA                                 50 (n = 1)                         63.6 (11.2)                           
  PD duration (SD)                                   NA                                       NA                                 24 (n = 1)                         17.7 (6.7)                            
  Estimated H&Y, median (range)                      NA                                       NA                                 4.0 (n = 1)                        5.0 (4.0--5.0)                        
  Demented, n (%)                                    NA                                       NA                                 100% (n = 1)                       4 (50%)                               
  Age at death, y (SD)                               75.5 (7.6)                               79.4 (7.1)                         78.8(8.5)                          78.5 (8.5)                            0.81[^a^](#t001fn002){ref-type="table-fn"}
  Tangle score, median (range)                       1(0--2)                                  2(0--2)                            1 (0--2)                           1 (0--2)                              0.76[^b^](#t001fn003){ref-type="table-fn"}
  Amyloid-beta score, median (range)                 0 (0-B)                                  A (0-B)                            0 (0-C)                            A (0-C)                               0.38[^b^](#t001fn003){ref-type="table-fn"}
  Neuronal cell density, mean (standard deviation)   6659 (960)                               5022 (930)                         4682 (1440)                        2575 (530)                            \<0.001[^a^](#t001fn002){ref-type="table-fn"}

Abbreviations: iLBD: incidental Lewy body disease; PD = Parkinson's disease; H&Y = Hoehn & Yahr.

^a^ANOVA;

^b^Kruskal-Wallis. NA = not available

Tissue processing for microarray analysis and morphometry {#sec004}
---------------------------------------------------------

The SN was identified macroscopically in snap-frozen post-mortem tissue of the mesencephalon and subsequently dissected in a cryostat (-18°C). The SN was marked and serial 40-μm-thick sections were made to microscopically verify that all neuromelanin-containing neurons of the SN were located within the punch. Every 10th section collected throughout the SN of all donors was used to estimate the number of neuromelanin-containing neurons in the SN using the optical fractionator method \[[@pone.0128651.ref040]\], as described in previously \[[@pone.0128651.ref041]\]. The mean neuromelanin-containing cell density is listed in [Table 1](#pone.0128651.t001){ref-type="table"}. The average neuromelanin-containing neuron density in the SN of the controls was 6659 (sd = 960), Braak alpha-synuclein stage 1 and 2 was 5022 (sd = 930); Braak alpha-synuclein stage 3 and 4: 4682 (sd = 1440) and Braak alpha-synuclein stage 5--6: 2575 (sd = 530). An ANOVA revealed that the cell density between groups is statistically different (F(3) = 19.57, p\<0.001). Punches were collected throughout the entire SN in 2mL RNAse free Eppendorf tubes. Total RNA was isolated with a Trizol Reagent (Invitrogen, Carlsbad, CA, USA)/chloroform protocol. Frozen SN punches were homogenized in Trizol reagent with an IKA Ultra-Turrax T 18 basic homogenizer. Chloroform was added to the tubes, and after vortexing, samples were left at room temperature for 3 minutes, then spinned at 13000 rpm for 15 minutes at 4°C. After transferring the supernatants to new tubes and adding linear acryl amide and iso-propanol, samples were kept at room temperature for 10 minutes and then spinned for 10 minutes at 13.000 rpm at 4°C. Pellets were washed and spinned three times with 75% ethanol. Samples were then let to air dry at room temperature for 10 minutes, resuspended in RNAse-free water and stored at -80°C. RNA concentration and purity were determined using a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA) and RNA integrity was determined by the RNA integrity number (RIN) using an Agilent TM 2100 Bioanalyzer and a RNA 6000 Nano LabChip Kit (Agilent Technologies, Palo Alto, CA, USA). The RIN values varied from 5.8 to 8.1 (mean RIN = 7.1). Detailed information about the RNA concentration and purity measurements is provided in [S2 Table](#pone.0128651.s002){ref-type="supplementary-material"}.

Sample labeling and microarray hybridization {#sec005}
--------------------------------------------

Five micrograms of total RNA per subject were used to synthesize cDNA. cDNA synthesis and *in vitro* transcription reactions for biotin-labeled complement RNA (cRNA) were carried out using One-Cycle cDNA synthesis kit and the GeneChip IVT labeling kit (Affymetrix, Inc., Santa Clara, California, USA). The biotinylated cRNA was then cleaned up and fragmented and hybridization cocktails were prepared according to the manufacturer's protocol. Subsequently, the samples were hybridized for 16 hours on the GeneChip Human Genome U 133 Plus 2.0 arrays (sequence clusters were created from the UniGene database (Build 159, January 25, 2003)) and scanned using a GeneChip Scanner 3000 (Affymetrix).

Microarray analysis and bioinformatics {#sec006}
--------------------------------------

The cell intensity files (CEL) generated from images of the scanned arrays were analyzed with Expression Console software (v.1.1) to create probe set summarization (CHP) files, evaluate the success of the individual hybridizations and identify possible outliers in the data set. In the initial steps we checked for arrays that had values outside our set bounds. Arrays with over 40% present calls and background average below 40, and cRNA samples which had a 3'/5'-ratio ≤ 3 for housekeeping gene glyceraldehydes-3-phosphate dehydroxygenase (GAPDH) and ≤10 for housekeeping gene actin were included for further analysis. In the initial set-up we included 40 structures for microarray analysis; however, based on the post-array quality measurements we had to exclude 12 donors from our study. The level of degradation in the included arrays was further explored by expanding the calculation of the 3'/5'-ratio to all present probes in the arrays. To that end, the CEL files were imported into R ([www.r-project.org](http://www.r-project.org/)) and a probe-level analysis was performed using an R-package of functions called "*affy*", specifically developed for the analysis of Affymetrix arrays \[[@pone.0128651.ref042]\]. This analysis returned all-probes-based RNA degradation plots for all arrays. RNA integrity levels were comparable for all samples (data not shown).

The CEL files were then imported into Partek Genomics Suited (Partek Incorporated, St. Louis, MO, USA) using a RMA (Robust Multi-chip Average) method, that includes quantile normalization, log2 transformation and median polish of probe-level intensities. The subsequent analyses included all (54676) probe sets. The data discussed in this manuscript have been deposited in NCBI's Gene Expression Omnibus \[[@pone.0128651.ref043]\] and are accessible through GEO Series accession number GSE49036 (<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49036>).

Microarray data of all subjects were first subjected to an unsupervised hierarchical cluster analysis (Euclidian distance, average linkage) to explore the overlap in gene expression patterns among groups without pre-grouping the samples based upon clinical or pathological characteristics. Unsupervised hierarchical clustering analysis did not support any relation between SN gene expression changes and age, gender, post-mortem delay (PMD) or scan date of the included subjects. Moreover, no significant correlation between the 3'/5'-ratio of the two housekeeping genes GAPDH and actin and the pH of cerebrospinal fluid was observed (data not shown).

An analysis of covariance (ANCOVA) algorithm (with RIN as covariate to control for the variation caused by partial degradation of RNA) was used to compare probe set expression profiles between groups. The annotation of the probe sets is based on the annotation file (Release number 29, July 2009) and library files from Affymetrix.

To identify gene expression profiles differentially expressed during the progression of PD pathology, gene expression was compared between 1) controls, 2) Braak alpha-synuclein 1--2, 3) Braak alpha-synuclein 3--4, 4) Braak alpha-synuclein 5--6. Lists of probe sets were generated from the ANCOVAs using a Benjamini and Hochberg false discovery rate for multiple correction (BH-FDR) of 0.05 \[[@pone.0128651.ref044]\]. The lists of probe sets with significantly altered expression levels based on the uncorrected p-values in the separate groups compared to controls were used to investigate pathway alterations in the premotor stage and progression of PD pathology.

Pathway analysis {#sec007}
----------------

First, the ranked probes (with uncorrected p-value \<0.05) generated with ANCOVAs from the different groups (Braak alpha-synuclein 1--2, Braak alpha-synuclein 3--4 and Braak alpha-synuclein 5--6) compared to controls were imported into the software package Ingenuity Pathways Analysis version 8.8 (IPA; Ingenuity Systems, [www.ingenuity.com](http://www.ingenuity.com/)) to assign pathway affiliation. Direct and indirect relationships were included in the analysis. Genes were assigned molecular pathways based on their GO annotation and Entrez Gene information (<http://www.ncbi.nlm.nih.gov/gene>). The p-value is determined by the probability that the association between the genes in the dataset and the canonical pathway is explained by chance alone. The significance value for pathway over-representation was calculated using Benjamini-Hochberg false discovery rate, to correct for multiple testing (BH-FDR) \[[@pone.0128651.ref044]\]. A BH-FDR \<0.05 was considered significant.

Validation {#sec008}
----------

### Quantitative PCR {#sec009}

Using quantitative PCR (qPCR), the expression levels of selected genes were studied in SN homogenates of 4 controls, 1 Braak alpha-synuclein stage 1--2, 4 Braak alpha-synuclein stage 3--4 and 4 alpha-synuclein stage 5--6 for technical validation. Subjects who were included from the microarray study which are listed in [S1 Table](#pone.0128651.s001){ref-type="supplementary-material"}. Six genes were chosen among the ones with significance (p-value ≤ 0.001) in the PD patients or the iLBD group compared to the control group: eukaryotic translation initiation factor 4A2 (EIF4A2), synaptophysin-like 1 (SYPL1), heat shock 70kDa protein 8 (HSPA8), lysosomal-associated membrane protein 2 (LAMP2), glutamate receptor, metabotropic 3 (GRM3) and fatty acid binding protein 7, brain (FABP7). The housekeeping genes ribosomal protein L27 (RPL27) and ribosomal protein S13 (RPS13) were selected from the list of housekeeping genes as these genes had the most stable expression profiles among all groups in the SN based on the microarray analyses. For reverse transcription of total RNA from SN homogenates, iScriptTM cDNA Synthesis Kit (BioRad Laboratories, Hercules, CA, USA) was used. The primers for the TaqMan assays were designed in the same region as the affymetrix probe set, spanning genomic intron-exon junctions, aiming to regions containing introns and as close as possible to the 3' end of the sequence. Forward and reverse primer sequences were checked for possible secondary structures and dimer formation with the primer analysis tool available at OligoFaktory web portal (<http://164.15.232.115/oligofaktory/index.jsp?tool=analysis>) and at [http://www.eurofinsgenomics.eu](http://www.eurofinsgenomics.eu/). All primers were purchased from Eurogentec S.A. (Liege, Belgium), and suitable probes were selected from the Human Universal Probe Library (Roche Applied Science, Mannheim, Germany). All PCR reactions were prepared with TaqMan Fast Universal PCR Master Mix (Applied Biosystems, 11 Norwalk, CT) and performed using a StepOne Plus Real-Time PCR instrument (Applied Biosystems). Per sample, three replicates and one negative control (RT-) were run in each experiment. Fifty nanograms of cDNA were used in each 20 microliters reaction. All reactions included a holding stage (15 minutes at 95°C) and 40 amplification cycles. Sequences of the primers and details of the each cycle are listed in [S3 Table](#pone.0128651.s003){ref-type="supplementary-material"}. Standard curves were generated for each assay run. The relative expression ratio of each target gene was calculated using the efficiency-corrected delta-delta Cq method \[[@pone.0128651.ref045]\].

The results of the quantitative PCR and normalized microarray expression were statistically analysed using a Pearson correlation coefficient. A p-value \<0.05 was considered significant.

### In situ hybridization {#sec010}

Using *in situ* hybridization, localization of the mRNA transcript was studied in unfixed frozen SN sections of PD, iLBD and control subjects. RNA probes for HSPA8, EIF4A2 and LAMP2 were generated using cDNA synthesized from total human brain RNA (iScriptTM cDNA Synthesis Kit, BioRad Laboratories, Hercules, CA, USA). A PCR amplification was performed with Phusion High-fidelity PCR kit (\# F553L, Thermo Scientific) using primers containing T3 (sense) or T7 (antisense) promoters (sequences; [S4 Table](#pone.0128651.s004){ref-type="supplementary-material"}). Digoxigenin labeled RNA probes were generated by linear amplification using Maxiscript T7/T3 kit (\#AM1322, Ambion) and DIG RNA labeling mix containing digoxigenin-UTP (\#11277073910, Roche). Probes were checked for size on 1% agarose gel, and sequenced using an ABI3730 DNA analyzer (Applied Biosystems).

Unfixed frozen SN of PD was sectioned (40 μm) with a cryostat at -18°C, mounted on Superfrost Plus slides (Thermo Scientific) and stored at -80°C. Before the hybridization, slides were kept at room temperature for 30 minutes, fixed with 4% buffered PFA for 20 minutes, then washed with PBS and acetylated with 0.25% acetic anhydride in triethanolamine buffer for 10 minutes. After ethanol dehydration and chloroform treatment, sections were rehydrated and washed with PBS, followed by 2x saline sodium citrate buffer (SSC buffer). The probes were added to the hybridization mix (containing 50% formamide, 4x SSC, tRNA, 50x Denhards reagent and 10% dextran). The hybridization was performed overnight at 60°C. Post-hybridization washes were carried out with 1xSSC in a 60°C water bath and at room temperature, and with 2xSSC containing 0.3 units/ml Rnase A (Roche) in a 37°C water bath. Slides were then pre-incubated for 1 hour with a blocking solution containing 1% blocking powder (DIG nucleid acid detection kit, \# 11 175 041 910, Roche) and subsequently incubated overnight at 4°C in humid chamber with anti-DIG AP Fab fragments (\#11093274910, Roche) diluted 1:1500 in blocking solution. After buffer washings, the alkaline phosphatase colour reaction was started, incubating the slides with NBT/BCIP (diluted 1:50; \#11681451001, Roche) at room temperature in humid chamber. The reaction was stopped in a stop buffer containing 1mM EDTA. Slides were then air dried and coverslipped with Merckoglas (Merck, New Jersey, USA).

Results {#sec011}
=======

Clustering of gene expression profiles {#sec012}
--------------------------------------

In order to identify differences in genome wide gene expression patterns between PD, iLBD and controls, we performed microarray analysis of the SN. First, an unbiased hierarchical cluster analysis was applied to the microarray dataset to study the clustering of the gene expression data of the 3 pathological groups ([Fig 1](#pone.0128651.g001){ref-type="fig"}). Within the cluster, there was full separation between PD and control samples, indicating substantial differences in gene expression profiles. The expression profiles of the iLBD subjects clustered either together with the control cases, or with the PD, but they didn't form their own cluster, indicating that their expression levels are intermediate between control and PD gene expression profiles. Unexpectedly, seven samples clustered separately from the two main clusters. There were no technical reasons however, to exclude these donors from the analysis.

![Unbiased hierarchical clustering of all gene expression profiles of iLBD, PD and control donors.\
Red is control, blue is iLBD and green is PD donor. The two main clusters are formed by 1) controls and iLBD and 2) PD and iLBD, indicating that the expression of iLBD is intermediate between control and PD. Seven samples clustered separately from the two main clusters. There were no technical reasons however, to exclude these donors from the analysis.](pone.0128651.g001){#pone.0128651.g001}

Altered pathways in the SN in different stages of pathological progression {#sec013}
--------------------------------------------------------------------------

The ANCOVA of the four groups resulted in the identification of 137 probe sets (BH-FDR 0.05). Pathway analysis showed that 23 pathways were altered among all groups (8475 probe sets, unadjusted p\<0.05). Pathways with alterations throughout disease progression in PD included EIF2 signaling (BH-FDR = 0.00000047), breast cancer regulation by Stathim 1 (BH-FDR = 0.000051), regulation of eIF4 and p70S6K signaling (BH-FDR = 0.00014), dopamine-DARPP32 feedback in cAMP signaling (BH-FDR = 0.00018) and mTOR signaling (BH-FDR = 0.00019). These pathways are involved in protein translation shut down, immune response and axonal degeneration.

In addition to confirming the involvement of several previously described pathways in end-stage PD, our dataset revealed other molecular alterations, which parallel the progression of PD pathology. Differentially expressed probe sets with unadjusted p\<0.05 between Braak alpha-synuclein stage 1--2 subjects and controls (4294 probe sets), resulted in 131 significantly altered probe sets between the transcriptome of the SN in Braak 1--2 and Braak 5--6 stages compared to controls, indicating that alterations of the same molecular mechanisms occur in iLBD and PD. The top deregulated pathways are involved in cellular proliferation and include molecular mechanisms of cancer (BH-FDR = 0.000019), colorectal cancer metastasis signaling (BH-FDR = 0.000074), gap junction signaling (BH-FDR = 0.000074) and actin cytoskeleton signaling (BH-FDR = 0.00010). In addition, we found previously identified pathways from other studies, which were not altered in PD in our study, to be altered between Braak alpha-synuclein stage 1--2 subjects and controls. These pathways include PDGF signaling (BH-FDR = 0.00012), estrogen-dependent breast cancer signaling (BH-FDR = 0.00068), JAK/Stat signaling (BH-FDR = 0.00055), IGF-1 signaling (BH-FDR = 0.00089), glucocorticoid receptor signaling (BH-FDR = 0.0017), VEGF signaling (BH-FDR = 0.0012) and BMP signaling pathway (BH-FDR = 0.0025), suggesting that these pathways are altered in the earliest stages of the disease.

Between Braak alpha-synuclein stage 1--2 and Braak alpha-synuclein stage 3--4 (3084 probe sets), two pathways involved in immune response and protein translation were significantly altered: FLT3 signaling in progenitor cells (BH-FDR = 0.001) and EIF2 signaling (BH-FDR = 0.009). Finally, in Braak alpha-synuclein stage 5--6 compared to 3--4 (6602 probe sets), we observed 4 pathways to be altered, dopamine-DARPP32 feedback in cAMP signaling (BH-FDR = 0.0065), thrombin signaling (BH-FDR = 0.0065), cardiac beta-adrenergic signaling (BH-FDR = 0.0065) and CTLA4 signaling in cytotoxic L lymphocytes (BH-FDR = 0.0068). Several pathways deregulated during disease progression in PD are involved in macroautophagy: these include EIF2 signaling and regulation of eIF4 and p70S6K signaling and mTOR signaling. The alterations of the elements of these pathways in Braak alpha-synuclein stage 1--2 compared to controls are displayed in [Fig 2](#pone.0128651.g002){ref-type="fig"}. All pathways altered in Braak alpha-synuclein stage 1--2 compared to controls, Braak 3--4 compared to Braak 1--2, Braak 5--6 compared to Braak 3--4, and all the Braak groups compared to controls, are listed in [S5 Table](#pone.0128651.s005){ref-type="supplementary-material"}.

![Alterations in elements of mTOR, EIF2 and EIF4 signaling pathways in Braak alpha-synuclein 1 and 2 compared to controls.\
Image generated using Ingenuity pathway analysis (IPA).](pone.0128651.g002){#pone.0128651.g002}

Gene expression changes related to immune response, axonal degeneration and endocytosis in the Braak alpha-synuclein stages 1--2 {#sec014}
--------------------------------------------------------------------------------------------------------------------------------

From the analyses described above, we learned that the most pronounced changes in gene expression occur in pathways related to inflammation and immune response, axonal degeneration and macroautophagy in early stage PD. With regard to inflammation and immune response, several pathways were altered in the Braak alpha-synuclein stages 1--2. These include HMGB1 signaling (BH-FDR = 0.00015), which is a mediator of inflammation, CXCR2 signaling (BH-FDR = 0.00054) and P2Y purigenic receptor signaling (BH-FDR = 0.00056), which both are thought to mediate inflammation by cytokine signaling. Also GM-CSF signaling, which is considered to be part of the immune/inflammation cascade (BH-FDR = 0.00058) is altered. Other pathways found in our dataset related to inflammation and immune response include thrombin signaling (BH-FDR = 0.0012), B cell receptor signaling (BH-FDR = 0.00051) and T cell receptor signaling (BH-FDR = 0.0035). In addition, CTLA4 signaling in cytotoxic T lymphocytes was up regulated in Braak alpha-synuclein stage 1 and 2 (BH-FDR = 0.0038). The MHC II class receptors were also up regulated, indicating a disturbance of the extracellular matrix. When we looked at altered probe sets, an up regulation in HLA-DQA1 (p = 0.02, FC = 2.26) and HLA-DRA (p = 0.02, FC = 2.66) and HLA-DRB1 (p = 0.02, FC = 1.92) was observed in Braak alpha-synuclein stage 1--2 compared to controls, but not in other stages of the pathological progression. In addition to immune activation, we observed changes in pathways linked to inflammation, such as Interleukin (IL)-2,3,4,8 and 14 signaling pathways in Braak alpha-synuclein stage 1--2 (BH-FDR ranged between 0.001 and 0.09; see [S5 Table](#pone.0128651.s005){ref-type="supplementary-material"}).

In Braak alpha-synuclein stage 1--2, we observed a down regulation of pathways involved in cytoskeletal maintenance such as axonal guidance signaling (BH-FDR = 0.00010), gap junction signaling (BH-FDR = 0.000074), actin cytoskeleton signaling (BH-FDR = 0.00010), RhoGDI signaling (BH-FDR = 0.00056), protein kinase A signaling (BH-FDR = 0.0028) and regulation of actin-based motility by Rho (BH-FDR = 0.01). In the SN of donors with Braak alpha-synuclein stage 1--2, deregulated pathways related to dopamine functioning at the level of the synapse include dopamine-DARPP32 feedback in cAMP signaling (BH-FDR = 0.000093). We observed no difference in expression level of alpha-synuclein (p = 0.67) and the interactors of alpha-synuclein between Braak alpha-synuclein 1--2 compared to controls, but significant changes were observed for alpha-synuclein (p = 0.001) and most of the interactors in PD compared to controls ([Table 2](#pone.0128651.t002){ref-type="table"}). When we focus on the anterograde transporter proteins, we observed a down regulation of kinesin light chain (KLC) (p = 0.02, FC = -1.42) and kinesin family 20A (KIF20A) (p = 0.02, FC = -1.17) in Braak alpha-synuclein stage 1--2 compared to controls. Among the pathways related to endocytosis, endocytosis mediated by clathrin (BH-FDR = 0.000010) was down regulated and virus entry through endocytic pathways (BH-FDR = 0.0079) was up regulated in Braak alpha-synuclein stage 1--2 compared to controls. In addition, markers for endosomes, such as transferrin (TF), early endosome antigen1 (EEA1) and member Ras oncogene family 4 (RAB4), were increased in subjects with Braak alpha-synuclein 1--2 compared to controls ([Table 3](#pone.0128651.t003){ref-type="table"}), but not in PD compared to controls.

10.1371/journal.pone.0128651.t002

###### Alterations in expression levels of alpha-synuclein and known interactors of alpha-synuclein in Braak 1--2 and PD compared to controls.

![](pone.0128651.t002){#pone.0128651.t002g}

                     Braak alpha-synuclein 1--2 compared to control   Braak alpha-synuclein 5--6 compared to control                 
  ------------------ ------------------------------------------------ ------------------------------------------------ ------------- -------
  Synaptotagmin II   7.5\*10^−5^                                      1.92                                             0.14          1.19
  Synaptophysin      4.3\*10^−4^                                      2.35                                             4.3\*10^−4^   2.05
  Synapsin 3         1.8\*10^−5^                                      1.45                                             0.89          1.02
  Synphilin 1        0.03                                             -1.19                                            0.01          -1.2
  Complexin 2        0.04                                             -1.12                                            8.7\*10^−4^   -1.18
  Synapsin 2         0.04                                             1.76                                             0.41          -1.2
  Pra 1              0.13                                             1.26                                             0.19          -1.18
  Syntaxin 1         0.15                                             -1.21                                            3.0\*10^−5^   -1.76
  GLUr1              0.22                                             -1.45                                            3.3\*10^−3^   -2.23
  Sptbn1             0.27                                             -1.30                                            0.03          1.59
  Vamp2              0.39                                             -1.22                                            2.9\*10^−3^   -1.91
  Complexin 1        0.52                                             1.19                                             0.19          -1.36
  Tubulin            0.56                                             -1.17                                            3.4\*10^−3^   -2.05
  VMAT2              0.67                                             -1.40                                            0.03          -4.6
  Snap25             0.79                                             1.07                                             0.03          -1.66
  Synapsin 1         0.82                                             -1.08                                            2.9\*10^−3^   -2.43
  Dynamin 1          0.92                                             -1.04                                            0.01          -2.44
  alpha-synuclein    0.68                                             -1.12                                            9.6\*10^−4^   -2.34

10.1371/journal.pone.0128651.t003

###### Alterations in expression levels of genes involved in endocytosis in the early Braak alpha-synuclein stages 1 and 2 and PD, compared to controls

![](pone.0128651.t003){#pone.0128651.t003g}

                                              Braak alpha-synuclein 1--2 compared to controls   Braak alpha-synuclein 5--6 compared to controls          
  ----------------------------------- ------- ------------------------------------------------- ------------------------------------------------- ------ ------
  RAB4A, member RAS oncogene family   RAB4A   0.01                                              1.68                                              0.49   1.12
  RAB5A, member RAS oncogene family   RAB5A   0.02                                              2.28                                              0.13   1.51
  Ankyrin 2, neuronal                 ANK2    0.01                                              2.11                                              0.20   1.33
  Transferrin                         TF      0.003                                             2.14                                              0.12   1.31
  Early endosome antigen 1            EEA1    0.02                                              1.32                                              0.07   1.19

Molecular pathways involved in end-stage PD compared to control in the SN {#sec015}
-------------------------------------------------------------------------

In total, 2657 probe sets, of which 976 were up regulated, and 1681 down regulated (BH-FDR \<0.05), were altered in PD patients with Braak alpha-synuclein 5--6 compared to controls. The altered probe sets which displayed a fold change of ±1.50 or more are shown in [S6 Table](#pone.0128651.s006){ref-type="supplementary-material"}. Ingenuity Pathway analysis of differentially expressed genes at Braak stage 5--6 (12199 probe sets, ANCOVA unadjusted p\<0.05) revealed 47 deregulated pathways (BH-FDR\<0.05), which included PI3K/AKT signaling (BH-FDR = 0.00032), signaling by Rho family GTPases (BH-FDR = 0.00032), and EIF2 signaling (BH-FDR = 0.00032).

The following pathways were deregulated in SN tissue of PD patients with Braak alpha-synuclein stage 5--6 (BH-FDR\<0.05) and have been previously described by others \[[@pone.0128651.ref019], [@pone.0128651.ref022], [@pone.0128651.ref024], [@pone.0128651.ref025], [@pone.0128651.ref028], [@pone.0128651.ref030], [@pone.0128651.ref033]\]: PI3K/AKT signaling (BH-FDR = 0.00032), PTEN signaling (BH-FDR = 0.00096), B cell receptor signaling (BH-FDR = 0.0019), mTOR signaling (BH-FDR = 0.0053), dopamine receptor signaling (BH-FDR = 0.03), ephrin receptor signaling (BH-FDR = 0.03), Huntington's disease signaling (BH-FDR = 0.02), and axonal guidance signaling (BH-FDR = 0.02). Other previously identified pathways, such as estrogen receptor signaling and IGF-1 signaling, were not altered in our PD group. Elstner et al. \[[@pone.0128651.ref033]\] demonstrated that the differences in tissue processing and data generation can be overcome by focusing on pathway alterations. Here, we observed a large overlap between the pathways deregulated in end-stage PD and previously described datasets by others \[[@pone.0128651.ref019]--[@pone.0128651.ref029], [@pone.0128651.ref030], [@pone.0128651.ref033]\], which indicates that the observed changes in gene expression profiles in the SN post-mortem tissue are similar to those of other cohorts, even though different microarrays platforms were used. In [Table 4](#pone.0128651.t004){ref-type="table"}, an overview of novel and previously identified deregulated pathways in end-stage PD is given. Novel pathways included signaling by rho family GTPases (BH-FDR = 0.00032), RhoGDI signaling (BH-FDR = 0.00072) and protein kinase A signaling (BH-FDR = 0.0026).

10.1371/journal.pone.0128651.t004

###### Molecular pathways associated with the up- or down-regulated genes in end-stage PD (Braak 5--6) versus controls in our study, compared to other transcriptome studies.

![](pone.0128651.t004){#pone.0128651.t004g}

  IPA pathway category                                                    PD compared to control[\*\*](#t004fn002){ref-type="table-fn"}                             Lesnick et al. 2007 \[[@pone.0128651.ref030]\] [\*\*\*](#t004fn003){ref-type="table-fn"}   Moran et al. 2006 \[[@pone.0128651.ref024]\]-medial SN[\*\*\*](#t004fn003){ref-type="table-fn"}   Moran et al. 2006 \[[@pone.0128651.ref024]\]- lateral SN[\*\*\*](#t004fn003){ref-type="table-fn"}   Zhang et al 2005 \[[@pone.0128651.ref028]\] [\*\*\*](#t004fn003){ref-type="table-fn"}   Hauser et al. 2005 \[[@pone.0128651.ref022]\] [\*\*\*](#t004fn003){ref-type="table-fn"}   Elstner et al. 2011 \[[@pone.0128651.ref033]\] [\*\*\*](#t004fn003){ref-type="table-fn"}   Simunovic et al. 2009 \[[@pone.0128651.ref025]\] [\*\*\*](#t004fn003){ref-type="table-fn"}   Bossers et al. 2009 \[[@pone.0128651.ref019]\] [\*\*\*](#t004fn003){ref-type="table-fn"}
  ----------------------------------------------------------------------- ----------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------
  EIF2 signaling                                                          3.16[\*](#t004fn001){ref-type="table-fn"}10^−4^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              1.10[\*](#t004fn001){ref-type="table-fn"}10^−3^                                            4.0[\*](#t004fn001){ref-type="table-fn"}10^−4^                                                
  PI3K/AKT signaling                                                      3.16[\*](#t004fn001){ref-type="table-fn"}10^−4^                                           0.01                                                                                                                                                                                                                                                                                             0.02                                                                                                                                                                              0.03                                                                                       1.8[\*](#t004fn001){ref-type="table-fn"}10^−3^                                               
  Signaling by Rho Family GTPases                                         3.16[\*](#t004fn001){ref-type="table-fn"}10^−4^ [\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  RhoGDI signaling                                                        7.20[\*](#t004fn001){ref-type="table-fn"}10^−4^ [\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  PTEN signaling                                                          9.55[\*](#t004fn001){ref-type="table-fn"}10^−4^                                           0.01                                                                                       0.02                                                                                              0.03                                                                                                                                                                                                                                                                                                                                                                                                                                                                          0.03
  Regulation of Stathmin/Breast Cancer Regulation by Stathmin1            1.29[\*](#t004fn001){ref-type="table-fn"}10^−3^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              8.9[\*](#t004fn001){ref-type="table-fn"}10^−5^                                             7.8[\*](#t004fn001){ref-type="table-fn"}10^−4^                                               
  B cell receptor signaling                                               1.86[\*](#t004fn001){ref-type="table-fn"}10^−3^                                                                                                                                      0.01                                                                                                                                                                                                  1.3[\*](#t004fn001){ref-type="table-fn"}10^−3^                                                                                                                                                                                                                                                                                                                            
  Role of NFAT in cardiac hypertrophy                                     2.57[\*](#t004fn001){ref-type="table-fn"}10^--3^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     0.02
  Protein kinase A signaling                                              2.60[\*](#t004fn001){ref-type="table-fn"}10^−3^ [\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  Rac signaling                                                           2.69[\*](#t004fn001){ref-type="table-fn"}10^−3^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              0.01                                                                                       0.02                                                                                         
  Phospholipase C signaling                                               4.10[\*](#t004fn001){ref-type="table-fn"}10^−3^ [\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  mTOR signaling                                                          5.25[\*](#t004fn001){ref-type="table-fn"}10^−3^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              0.02                                                                                       0.02                                                                                         
  Regulation of eIF4 and p70S6K signaling                                 5.25[\*](#t004fn001){ref-type="table-fn"}10^−3^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              4.8[\*](#t004fn001){ref-type="table-fn"}10^−5^                                             1.5[\*](#t004fn001){ref-type="table-fn"}10^−4^                                               
  Fcgamma Receptor-mediated phagocytosis in macrophages and monocytes     5.25[\*](#t004fn001){ref-type="table-fn"}10^−3^ [^\*^](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  RhoA signaling                                                          0.013[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  CXCR4 signaling                                                         0.015                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        0.02                                                                                       0.02                                                                                         0.02
  Tight junction signaling                                                0.018[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  NGF signaling                                                           0.018[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Gap Junction signaling                                                  0.018[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Axonal guidance signaling                                               0.018                                                                                     0.05                                                                                                                                                                                         0.01                                                                                                                                                                                                                                                                                  0.02                                                                                       8.5[\*](#t004fn001){ref-type="table-fn"}10^−4^                                               
  Huntington's disease signaling                                          0.019                                                                                                                                                                                9.1[\*](#t004fn001){ref-type="table-fn"}10^−4^                                                    4.8[\*](#t004fn001){ref-type="table-fn"}10^−3^                                                                                                                                              0.02                                                                                      0.01                                                                                       1.5[\*](#t004fn001){ref-type="table-fn"}10^−3^                                               0.00
  Cellular effects of Sildenafil (Viagra)                                 0.019[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Galpha12/13 signaling                                                   0.019                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                0.03
  p70S6K signaling                                                        0.019                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        0.01                                                                                       9.1[\*](#t004fn001){ref-type="table-fn"}10^−5^                                               
  Virus entry via endocytic pathways                                      0.019                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        0.04                                                                                       2.5[\*](#t004fn001){ref-type="table-fn"}10^−4^                                               
  G beta gamma Signaling                                                  0.027[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Ephrin receptor signaling                                               0.028                                                                                                                                                                                                                                                                                                                                                                                      0.03                                                                                                                                                                              2.5[\*](#t004fn001){ref-type="table-fn"}10^−3^                                                                                                                                          
  Molecular mechanisms of cancer                                          0.028[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  CTLA4 signaling in Cytotoxic T lymphocytes                              0.028[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Regulation of IL-2 expression in activated and anergic T Lymphocytes    0.028[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  GNRH signaling                                                          0.030                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                3.2[\*](#t004fn001){ref-type="table-fn"}10^−3^
  Role of NFAT in regulation of the immune response                       0.030[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  SAPK/JNK signaling                                                      0.030[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Telomerase signaling                                                    0.030[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  CDK5 signaling                                                          0.030[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Ceramide signaling                                                      0.030[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Chronic myeloid leukemia signaling                                      0.030[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  PI3K signaling in B lymphocytes                                         0.030[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Dopamine receptor signaling/Dopamine DARPP feedback in cAMP signaling   0.030                                                                                     0.03                                                                                       0.01                                                                                              3.0[\*](#t004fn001){ref-type="table-fn"}10^−3^                                                      0.01                                                                                    0.01                                                                                                                                                                                                                                                                              
  Germ cell-sertoli cell junction signaling                               0.035                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        0.03                                                                                       2.2[\*](#t004fn001){ref-type="table-fn"}10^−3^                                               
  Reelin signaling in neurons                                             0.035                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3.6[\*](#t004fn001){ref-type="table-fn"}10^−3^                                             0.01                                                                                         
  ILK signaling                                                           0.036                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        0.01                                                                                       0.02                                                                                         
  Thrombin signaling                                                      0.045                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        0.03                                                                                       2.5[\*](#t004fn001){ref-type="table-fn"}10^−3^                                               
  Alpha-adrenergic Signaling                                              0.045                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                0.01
  ERK/MAPK Signaling                                                      0.046[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  HGF Signaling                                                           0.048[\*](#t004fn001){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

\* novel pathways in the SN in PD compared to control

\*\* BH-FDR\<0.05 displayed;

\*\*\*Fisher p-value\<0.05 displayed

Validation {#sec016}
----------

### Correlation between microarray expression and qPCR expression data {#sec017}

We found a significant correlation between the microarray expression and the normalized gene expression calculated using Pfaffl for LAMP2 (r = 0.71, p\<0.01), GRM3 (r = 0.81, p = 0.01), FABP7 (r = 0.84, p = 0.01), HSPA8 (r = 0.54, p = 0.049), EIF4A2 (r = 0.63, p = 0.02) and SYPL1 (r = 0.61, p = 0.02). Plots of the qPCR per pathological group are shown in [S1 Fig](#pone.0128651.s007){ref-type="supplementary-material"}.

### In situ hybridization shows expression in glial and neuronal cells {#sec018}

LAMP2 expression was detected in neuronal cells in PD SN, but not in control and iLBD. EIF4A2 showed moderate expression in dopaminergic neurons in control and iLBD cases, and lower expression in PD donors. HSPA8 showed strong expression in the dopaminergic neurons in all groups; in PD donors a lower number of positive neurons was clearly detectable ([S2 Fig](#pone.0128651.s008){ref-type="supplementary-material"}).

Discussion {#sec019}
==========

In summary, the transcriptome of post-mortem SN tissue of donors with Braak alpha-synuclein stages 0 to 6 revealed a consistent deregulation of pathways related to macroautophagy and protein synthesis, including EIF2 signaling, mTOR signaling and regulation of eIF4 and p70S6K signaling during the progression of PD pathology. When focusing specifically on Braak alpha-synuclein 1--2 compared to controls, the transcriptome analysis revealed changes in pathways linked to immune response and axonal degeneration, including B cell receptor signaling, protein kinase A signaling and axonal guidance signaling. In addition, in Braak alpha-synuclein 1--2 stages, we observed a down regulation of clathrin-mediated endocytosis. These data indicate that endocytosis, inflammation and axonal function are compromised in the early stages of PD, prior to the presence of local alpha-synuclein pathology in the SN \[[@pone.0128651.ref005], [@pone.0128651.ref006]\], whereas EIF2 and mTOR signaling is deregulated on mRNA expression level throughout disease progression in PD. A summary of the main transcriptional events and local pathology in the SN during disease progression in PD is given in [Fig 3](#pone.0128651.g003){ref-type="fig"}.

![Schematic overview of molecular processes altered during disease progression in the SN of PD, identified using transcriptome analysis.\
In Braak alpha-synuclein 1 and 2, minimal cell loss is observed along with decreased endocytosis and anterograde trafficking, and increased immune response and microglial activation. In addition, we observed down regulation of mRNA levels of the upstream regulators in mTOR pathway. In Braak alpha-synuclein 3 and 4, a steep decline in cell loss and increase in alpha-synuclein pathology is observed together disturbed regulation of protein production and apoptosis of the nigral dopaminergic cells. In Braak alpha-synuclein 5 and 6 compared to controls, severe cell loss and alpha-synuclein aggregation is observed \[[@pone.0128651.ref041]\]. At this advanced stage, alterations in pathways related to dopaminergic signaling and immune response are still observed.](pone.0128651.g003){#pone.0128651.g003}

Deregulation of mTOR and EIF2 signaling pathways during disease progression in PD {#sec020}
---------------------------------------------------------------------------------

Several pathways were deregulated on mRNA expression level in the early pathological stages and remained altered in the later stages of PD in the SN, such as mTOR signaling, EIF2 signaling, and regulation of eIF4 and p70S6K signaling. mTOR and EIF2/EIF4 have previously been linked to PD in post-mortem transcriptome studies \[[@pone.0128651.ref025], [@pone.0128651.ref034]\], and mutations in the translation initiator EIF4G1 have recently been identified in familial PD \[[@pone.0128651.ref046]\]. mTOR consist of two different sub-pathways; 1) the mTOR1 pathway results in the transient shutdown of protein translation through phosphorylation of the alpha-subunit of eukaryotic translation initiation factor, EIF2, which showed up regulated levels of mRNA in our dataset. Rapamycin has been used in clinical trials \[[@pone.0128651.ref047], [@pone.0128651.ref048]\] and inhibits the activity of mTOR1 complex. This results in an induction of macroautophagy, as demonstrated in a mouse model for PD \[[@pone.0128651.ref049]\]; 2) The other sub-pathway, mTOR2, promotes apoptosis and was up regulated in our dataset, suggested that the cells might be degenerating. These pathways are part of a network that relays metabolic signals to adaptive changes in protein translation and gene expression \[[@pone.0128651.ref050], [@pone.0128651.ref051]\]. As these pathways are consistently deregulated in our dataset, even before the onset of motor symptoms, they might contain biomarker candidates that may aid in diagnosing PD at an earlier stage. The *in situ* hybridization showed that the expression of an important component in these pathways, EIF4A2, is expressed in neuromelanin containing neurons. This indicates that the alterations in mTOR and EIF2 signaling represent alterations in neuronal pathways prior to the formation of aggregates in the SN. Moreover, a recent transcriptome study from Mutez and colleagues showed that deregulation of the EIF2 signaling pathway is evident in samples of peripheral blood mononuclear cells of genetic as well as sporadic PD patients compared age-matched healthy controls \[[@pone.0128651.ref052]\] providing further evidence for a key role of this pathway in both genetic and sporadic forms of PD.

Involvement of immune response during the progression of PD {#sec021}
-----------------------------------------------------------

Recently, it has been shown that mutations in the non-coding regions of HLA-DR are associated with familial PD or increase the risk of developing PD \[[@pone.0128651.ref053]\]. In our dataset, we also observed an up regulation of several HLA genes in the early pathological stages, but not in the later stages. We demonstrated that GM-CSF signaling, thrombin signaling, B cell receptor signaling, CTLA4 signaling in cytotoxic T lymphocytes and T cell receptor signaling were altered. These findings point towards a key role for deficient immune responses in the early stages of PD, where limited cell loss is present. Alterations in these pathways might be triggered by oxidative stress or abnormal forms of alpha-synuclein (reviewed in \[[@pone.0128651.ref054]\]). In later stages 5 and 6, we observed only up regulated B cell receptor signaling. As there is a large decrease in dopaminergic cells in end-stage PD, the up regulation in immune response related pathways might be an effect of the increased glial to neurons ratio observed in the SN tissue during disease progression.

Macroautophagy and axonal dysfunction in the early stages of PD pathology {#sec022}
-------------------------------------------------------------------------

In PD, there is an accumulation of autophagosomes, and mitochondria and microtubule-directed traffic might be the main players in the regulation of macroautophagy in PD \[[@pone.0128651.ref055]\]. In Braak alpha-synuclein stage 1--2, we observed an up regulation of genes related to endosomes, suggesting accumulation of endosomes, possibly including autophagosomes. In addition, pathways related to endocytosis were deregulated, as a probable protection mechanism against further accumulation of endosomes. LAMP2 is a lysosomal protein and involved in chaperone-mediated autophagy (CMA) \[[@pone.0128651.ref056]\]. We observed an up regulation in LAMP2 expression with increasing Braak stages, which we confirmed using qPCR, and *in situ* hybridization showed that there is a strong expression of LAMP2 in glial cells in PD. These data and the regulation of mTOR in the early stages of PD pathology suggest that macroautophagy and CMA are deregulated in the early stages, and might play a role in alpha-synuclein aggregation in the SN in elderly. No alterations in mitochondrial dysfunction have been identified in the transcriptome of Braak alpha-synuclein 1--2 donors, which indicates that mitochondrial dysfunction might be a later event in the pathogenesis of PD.

The most significant deregulated pathways in Braak alpha-synuclein stages 1--2 are involved in cytoskeleton stability and maintenance. We observed that axonal guidance signaling, actin cytoskeleton signaling and regulation of actin-based motility by Rho are down regulated in the early stages of PD pathology. This suggests that axonal dysfunction might contribute to the cell death cascade, as limited dopaminergic loss has been observed in these stages \[[@pone.0128651.ref010], [@pone.0128651.ref041]\]. Our data confirm that synaptic dysfunction is involved in the pathogenesis of PD \[[@pone.0128651.ref034]\] and support the "dying-back" hypothesis, which postulates an initial dysfunction at the level of the synapse and/or axonal transport disruption, prior to neuronal loss.

Changes in alpha-synuclein mRNA levels were subtle, and due to the low levels of endogenous alpha-synuclein mRNA expression and large biological variability, it might not be possible to observe alterations in transcriptome levels of alpha-synuclein and its interactors in the early Braak stages in a relatively small sample size. When we focused on PD compared to controls, we observed a significant decline in transcriptome levels of alpha-synuclein and its interactors such as vesicular monoamine transporter 2 (VMAT2), synapsin 1, dynamin 1 and tubulin, which is in line with other studies \[[@pone.0128651.ref034]\]. An explanation for the axonal dysfunction might be that the misfolded state of alpha-synuclein disrupts anterograde transport of proteins to the synapse \[[@pone.0128651.ref057], [@pone.0128651.ref058]\]. We observed a decrease in the anterograde transporters (KHC and KLC) in Braak alpha-synuclein 1--2, whereas in advanced PD (Braak alpha-synuclein 5--6) dynein, a retrograde transporter, was affected. We were able to find similar changes in axonal transport motor proteins as Chu et al. \[[@pone.0128651.ref059]\], who investigated known axonal transport proteins, such as kinesins and dynein, in a rat model for over expression of alpha-synuclein. This may implicate that even though mRNA levels of alpha-synuclein are not changing in Braak alpha-synuclein 1--2 compared to controls, the transport of alpha-synuclein to the synapse might be disturbed.

To summarize, the deregulated pathways indicate that axonal guidance signaling is compromised. No alterations in mRNA levels of alpha-synuclein and its interactors were observed in Braak stages 1--2, but a disturbance in anterograde trafficking might result in reduced synaptic functioning.

To conclude, transcriptome analysis revealed that mTOR and EIF2 signaling are deregulated in the SN throughout the progression of PD pathology. Prior to the presence of alpha-synuclein aggregates, molecular mechanisms involved in axonal dysfunction, immune response and disturbed endocytosis may play a role in the neuronal cell death and the formation of protein aggregates in PD. Specific elements of these pathways and cellular processes may hold the key to altering the disease progression in PD.

Supporting Information {#sec023}
======================

###### Detailed clinical and pathological characteristics of donors included in the study.

(XLS)

###### 

Click here for additional data file.

###### RNA quality data.

Per sample, the RNA concentration, purity measurements and RIN value are displayed.

(XLS)

###### 

Click here for additional data file.

###### Targets for qPCR and the properties of the created primers

(XLS)

###### 

Click here for additional data file.

###### Primers for *in situ* hybridization.

Hybridization temperature for all primers was 60°C

(XLS)

###### 

Click here for additional data file.

###### Altered molecular pathways based on 4 groups (control, Braak 1--2, Braak 3--4, and Braak 5--6) analysis: comparisons among all consecutive pathological groups, and between all pathological groups and controls (B-H p-value displayed).

Data in bold indicate p\>0.01.

(XLS)

###### 

Click here for additional data file.

###### Genes with altered expression level in the SN of PD donors compared to controls (BH-FDR\<0.05, Fold change ±1.50)

(XLS)

###### 

Click here for additional data file.

###### Plots of qPCR data based on the clinical and pathological diagnosis of the donors.

Data on LAMP2, GRM3, FABP7, HSPA8, EIF4A2 and SYPL1 are shown for controls, iLBD (Braak 1--3) and PD (Braak 4--6).

(TIF)

###### 

Click here for additional data file.

###### *In situ* hybridization of LAMP2, EIF4A2 and HSPA8 in the substantia nigra of non-demented control (A, D, G), iLBD (B, E, H) and PD (C, F, I) donors.

LAMP2 expression (A, B, C) is detected in neuronal cells in PD substantia nigra. EIF4A2 (D, E, F) shows lower expression in the dopaminergic neurons of PD donors compared to iLBD and control cases; HSPA8 (G, H, I) shows strong expression in the dopaminergic neurons in all groups. Arrow heads indicate dopaminergic neurons.

(JPG)

###### 

Click here for additional data file.
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